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Visual motion sensing neurons in the fly also encode a range of behavior-related signals. These nonvisual inputs appear to be used to correct some of the challenges of visually guided locomotion.
The ability to pivot on the spot and change your direction is a useful skill, and not just for a politician. To do so our motor systems edit our visual responses, augmenting and adjusting our reality. This motor creation of sensory news happens in many and sophisticated ways, some of which are well known, and some have only recently been discovered [1, 2] . At the most basic level, we structure our movements to suit our visual systemswitness a dancer 'spotting' a pirouette to minimize the time spent experiencing visual blur [3] . At the neural level, motor control centers conveniently silence our visual perception during rapid eyemovements -saccades -when the world is also blurred, such that we never see the blur [4] . Recent data from mice and flies indicate that visual processing is also widely affected by locomotion, such that neurons serving many visual circuits encode not only visual motion, but also self-motion velocity, even in the dark [2, 5] .
Two new studies [6, 7] indicate that flies pack all this motor modulation of visual processing into one visual pathway. For those of us studying sensory systems, this is something of a revelation -the motor activity occurs in benchmark cells for understanding efficient coding of sensory information [8] . For those with a motor bent, the discoveries echo many of the principles operating in statedependent reflexes and their disengagement in voluntary actions, in cells with proposed roles in visual course control and object detection [9, 10] . To dig into these stories, we need to meet the protagonists, the fly's horizontal system (HS) and vertical system (VS) cells.
The fly's HS and VS cells are found in a visual brain area, the lobula plate ( Figure 1A ). They are exquisitely accessible for physiological recordings, and many decades of study have led to a detailed understanding of their physiology and anatomy, and how these properties may contribute to behavior. Crucially, they are individually tuned to rotations of the fly along different body axes [11] , a property that is thought to be used in at least two ways. First, they play a role in visual steering: they synapse with cells in the central brain and descending to the motor systems of the thorax [12] , and lesioning these connections or the cells themselves reduces the stability of flight control [9] . Second, they also connect directly with neck motor neurons used in gaze-stabilizing head movements [12, 13] . So while it has long been known that these cells are premotor neurons for the neck, it has often been tacitly assumed that their main role is to provide visual motion information.
In recent years, several findings have challenged this view. First, the HS and VS cells become more sensitive when the fly walks or flies [1, 2] , boosting visual responses. Second, the strength of the enhancement in the cells' responses is correlated with walking speed [2] . Finally, the HS cells are inhibited during flight, when the fly makes rapid turns, also known as 'saccades' [14] . These observations have now been updated with detailed studies that demonstrate the precision and specificity with which the behavioral state and motor actions affect the HS and VS cells [6, 7] .
Fujiwara et al. [6] recorded the activity of HS cells while the fly walked on an air-supported ball, and discovered that the cells' responses were simultaneously modulated by several components of the animal's locomotion -the most striking was a strong effect of the turning direction ( Figure 1B ). These non-visual, or extraretinal, signals persisted even when vision and other sensory systems were physically or genetically silenced, suggesting that they were internally generated. Remarkably, the direction of turning that excited a given cell complemented the direction of visual motion to which the cell was tuned. That is, rightward turns and leftward visual motion (typically seen during a rightward turn) both excited the same neuron. As a result, the HS cells encode the turning of the fly, even without visual input.
The effect of turning on the HS cell activity occurred with a delay of 100 milliseconds, which is within the timescale of an HS cell's response to a visual turn [15] . To identify the effect of exciting HS cells, Fujiwara et al. [6] genetically expressed ATP-gated ion channels in them: activating the cells on one side of the brain induced walking turns. To synthesize these results requires speculation and further study: one tantalizing possibility is that the motor signal to the HS cell augments, with a suitable delay, a corrective steering response that follows when an HS cell is excited.
These extraretinal signals were identified as common features across the fly's rich repertoire of walking modes, but it is quite possible that different kinds of turns require alternative control strategies and sensorimotor regulation. Kim et al. [7] investigated how the activity of HS and VS cells is altered during flight saccades, and found an additional level of sophistication in how turning modulates their activity. They recorded the cells in tethered flighta serendipitous configuration in which flies sustain somewhat naturalistic flight behavior ( Figure 1C1 ). In a flight saccade, the body rotates with a mixture of roll and yaw rotations to achieve a banked turn [16] . As the body rolls, the head counter-rolls to keep the eyes level, and as the body yaws, the head turns sideways [6] found that in addition to these cells receiving a visual signal indicating a leftward turn, they also receive a matching non-visual signal during leftward turns (triangles, excitation; circles, inhibition). This novel input ensures that the neuron responds to turns even under conditions where the visual system is unreliable, such as during rapid turns or in the dark. (C) Flying flies perform saccadic banked turns (C1), which contain both roll (C2, rotating about the body's long axis) and yaw (C3, rotating about the vertical axis) components. When the fly rotates a gaze-stabilizing reflex normally drives the head to follow the direction of the resulting visual motion. HS cells are part of this reflex arc for yaw rotations and VS cells contribute to the same reflex for roll rotations [7, 12, 13] . During a saccadic turn, the roll component of this gaze stabilization reflex keeps the head level (C2), but the yaw component would interfere by preventing the head aligning with the turning direction (C3). Kim et al. [7] found that the more a neuron is responsive to yaw rotations, the more it is inhibited by an extra-retinal 'saccade related potential' (SRP) during a turn. The roll-responsive VS cells are only weakly affected by the SRP during the turn (C2) but the yawresponsive HS cells are strongly silenced (C3). Kim et al. [7] suggest that this ensures the counterproductive yaw gaze-stabilization reflex is transiently 'turned-off' during a turn but the useful roll reflex remains intact.
faster than the body, minimizing the period of visual blur, much like the dancer 'spotting' a turn [17] . Around the roll axis the head is moving in the opposite direction to the body to stabilize gaze, and around the yaw axis the head is moving in the same direction as the body. The first component is well explained by the roll gaze-stabilization reflex in which the VS cells are thought to participate ( Figure 1C2 ). However, the yaw gaze-stabilization reflex, likely mediated by the HS cells, should counteract the second component ( Figure 1C3 ): some mechanism is required to temporarily release the head from its yaw-stabilization. In contrast to the cooperative turning signal seen during walking [6] , HS cells are inhibited during saccades in the direction that drive their visual input [14] . This 'saccade related potential' is well placed to effectively countermand the gaze-stabilization reflex during the turn. But are these signals simply silencing all of the HS and VS cells or was the effect more targeted? To address this question, Kim et al. [7] recorded from the entire population of HS and VS cells, which are tuned to distinct rotations. Remarkably, the more a cell was tuned to the rotational yaw component, the more its visual response was silenced during a turn [7] . The saccade signals were exquisitely tuned, arriving at the correct cells with the timing and strength to cancel only motion around the correct axis of rotation and leave other visual motion signals intact. Kim et al. [7] argue that this is precisely what is required during a saccade: to specifically damp down only the undesirable gazestabilizing head movements during a turn.
One note of caution is in order: remember that these neurons contribute to controlling head movements [7] . At present, in vivo physiology in behaving flies is only practical in head-fixed animals, a situation that hinders the study of a head-movement regulating system. For example, the onset of saccades is reasonably preserved in these pseudo-flying flies, but their time course is dramatically altered by the absence of appropriate sensory feedback [18] .
These studies provide an exciting opportunity to understand the interconnected control systems for course control and gaze stabilization. A key step to synthesizing the results will be to identify how and where the behaviorrelated and visual signals are integrated. One likely source is projections from the central brain to the optic lobes. When the primary visual motion inputs to the HS cells were silenced using genetic methods, a nonspecific 'arousal'-like depolarizing signal was eliminated, indicating it is presynaptic to the HS and VS cells [6] . Intriguingly, the axon terminals of HS and VS cells contain many pre-synaptic and post-synaptic sites [19] , and are surrounded by the processes of interneurons descending to and ascending from the ventral nervous system [12] , so the cells may be directly modulated by descending motor commands or ascending sensory or motor feedback. Now is the golden age of Drosophila neuroanatomy, ushered in by a combination of a much-improved genetic toolkit, advances in light microscopy, and connectomic reconstructions from electron microscopy data. Brain regions that were once too complex to be exhaustively studied at the level of identified neurons can now have their cells and circuitry catalogued [20] . Identifying the neurons conveying these motor-related signals and examining their functional properties will go a long way towards elucidating the dialogue between the so-called sensory systems and the motor-control centers during ongoing behavior.
